Evolution of Olfactory Receptor Genes in Primates Dominated by Birth-and-Death Process by Dong, Dong et al.
RESEARCH ARTICLE
Evolution of Olfactory Receptor Genes in Primates Dominated by Birth-and-
Death Process
Dong Dong,* Guimei He, Shuyi Zhang, and Zhaolei Zhang*
*Donnelly Centre for Cellular and Biomolecular Research, University of Toronto, Toronto, Ontario, Canada; and School of Life
Sciences, East China Normal University, Shanghai, China
Olfactory receptor (OR) is a large family of G protein–coupled receptors that can detect odorant in order to generate the
sense of smell. They constitute one of the largest multiple gene families in animals including primates. To better
understand the variation in odor perception and evolution of OR genes among primates, we computationally identiﬁed
OR gene repertoires in orangutans, marmosets, and mouse lemurs and investigated the birth-and-death process of OR
genes in the primate lineage. The results showed that 1) all the primate species studied have no more than 400 intact
OR genes, fewer than rodents and canine; 2) Despite the similar number of OR genes in the genome, the makeup of
the OR gene repertoires between different primate species is quite different as they had undergone dramatic birth-and-
death evolution with extensive gene losses in the lineages leading to current species; 3) Apes and Old World monkey
(OWM) have similar fraction of pseudogenes, whereas New World monkey (NWM) have fewer pseudogenes. To
measure the selective pressure that had affected the OR gene repertoires in primates, we compared the ratio of
nonsynonymous with synonymous substitution rates by using 70 one-to-one orthologous quintets among ﬁve primate
species. We found that OR genes showed relaxed selective constraints in apes (humans, chimpanzees, and orangutans)
than in OWMs (macaques) and NWMs (marmosets). We concluded that OR gene repertoires in primates have evolved in
such a way to adapt to their respective living environments. Differential selective constraints might play important role
in the primate OR gene evolution in each primate species.
Introduction
Olfaction enables an animal to ﬁnd food, mate, and
detect danger. In vertebrates, the ability of odor perception
is mediated by olfactory receptors (ORs) that are embedded
in olfactory epithelia in nasal cavities, and ORs are the pri-
mary receptors in the main olfactory epithelium system
(Buck and Axel 1991; Mombaerts 2004b). OR genes are
membersofGprotein–coupledreceptors(GPCRs)andcon-
stitute one of the largest multigene families in vertebrates
(Buck and Axel 1991; Mombaerts 2004a).
OR genes were ﬁrst identiﬁed in rats (Rattus norvegi-
cus) in 1991 (Buck and Axel 1991), which opened the door
for subsequently molecular analyses. At the time of this
study, OR gene repertoires had been described in many
vertebrate species, such as human (Homo sapiens), mouse
(Mus musculus), dog (Canis familiaris), chicken (Gallus
gallus), some teleost ﬁshes, etc. (Niimura and Nei 2003,
2005a, 2005b, 2007). Comparative analysis of these reper-
tories can help understand the mechanism and species-
speciﬁc evolution of olfaction systems (Nei et al. 2008),
as it is known that the importance and sensitivity of smell
varies signiﬁcantly among different vertebrate species,
even among species that are phylogenetically close to each
other (Niimura and Nei 2007; Go and Niimura 2008; Nei
et al. 2008). Recent studies also revealed that the number
of OR genes and the fraction of pseudogenes are quite dif-
ferent between macrosmatic (having keen olfactory sense)
and microsmatic (having poor olfactory sense) species
(Niimura and Nei 2007). For example, humans have far
fewer number of functional OR genes than rodents and
dogs, and the fraction of pseudogenes in humans is much
larger than that in rodents and in dogs (Quignon et al.
2003;NiimuraandNei2005a).Itisgenerallybelievedthat
thishascontributedtothedegenerationoftheodorpercep-
tion in humans.
Based on the interpretation of neuroanatomical fea-
tures, it was believed that the olfactory portion of the pri-
mate brain has declined signiﬁcantly in comparison to other
mammals; therefore, primates are viewed as microsmatic
animals (King and Fobes 1974; Baron et al. 1983). A num-
ber of OR genes were also cloned, and detailed molecular
analyses had been carried out. Rouquier et al. (1998, 2000)
found an increase in the pseudogenization process from
New World monkeys (NWMs) to Old World monkeys
(OWMs) and apes, with humans having the highest fraction
of pseudogenes (;70%). From analysis of a small number
of OR genes, Gilad, Bustamante, et al. (2003; Gilad, Man,
et al. 2003) suggested that the fractions of pseudogenes dif-
fered remarkably among humans and nonhuman primates,
and it is likely that there was a relaxation of evolutionary
constraint on OR genes in humans. In another paper, they
randomly sequenced ;100 OR genes from each of 19 pri-
mate species and found that the fraction of ORpseudogenes
in apes, OWMs, and one NWM (the howler monkey) is
higher than those in NWMs and prosimians, which coin-
cided with the acquisition of full trichromatic color vision
in primates (Gilad et al. 2004). It was suggested that
‘‘advanced’’ primates have reduced sense of olfaction
and rely more on vision than olfaction for survival. How-
ever, the OR gene sequences they obtained were not the full
length of coding region, and some potential nonsense or
frameshift mutations located near the ends of the open read-
ing framecouldnothavebeenidentiﬁed.Withtheavailability
of whole-genome sequences, complete OR gene repertoires
were identiﬁed in human, chimpanzee, and macaques. Con-
trary to previous reports by Gilad et al. (2005), surprisingly,
it was found that these three primates had almost the same
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tioncannotbefullyexplainedbythepseudogenizationprocess
(Niimura and Nei 2003; Gimelbrant et al. 2004; Go and
Niimura2008).However,thesethreeprimatespeciesallhave
trichromatic vision, which still cannot address the ‘‘vision
priority hypothesis.’’
To date, the evolutionary trajectory of OR genes in
primate lineages is far from clear. In this paper, we identi-
ﬁed the OR gene repertoires from the complete genome
sequences of three additional primates: orangutans (ape),
marmosets (NWM), and mouse lemurs (prosimian). These
OR gene repertoires provide an opportunity to detect the
underlying genetic basis of the evolution and diversity of
odor perception in the entire primate lineage. We then per-
formed comparative analyses and illustrated the pattern of
gains and losses of OR genes. In parallel, we also estimated
the selective pressures on OR genes in each lineage. As the
results, we found that the fractions of pseudogenes
might be not the same as reported by Gilad et al.
(2004) both in trichromatic and dichromatic primates,
and the OR repertoires in primates surveyed have been
shaped by substantial birth-and-death processes, and
some OR genes in apes have undergone signiﬁcant accel-
erated evolution.
Methods
Genome Sequences
Thedraftgenomesequencesoforangutan(Pongopyg-
maeus abelii; ponAbe2, released in July 2007; 6  cover-
age) and marmoset (Callithrix jacchus; calJac1, released
in June 2007; 6  coverage) were downloaded from the
University of California–San Cruz Genome Bioinformatics
Web site (http://genome.ucsc.edu). The low-coverage
genome sequence of mouse lemur (Microcebus murinus,
2  coverage) was downloaded from Ensembl Genome
Brower (http://www.ensembl.org/).
OR Gene Identiﬁcation
Weusedthesamedataminingmethodaspreviouslyre-
ported in Niimura and Nei (2007) and Go and Niimura
(2008).Brieﬂy,itinvolvesthreesteps.First,weuseprevious
published OR genes in vertebrates as query sequences and
conducted a TBlastN (Altschul et al. 1990) search against
the genome sequences with a cutoff E value of 1   10
 20
todetecttheORgenerepertoires.Second,thenonredundant
sequenceswereextendedtheregionsofBlasthitsequencesto
5# and 3# directions along the genome sequence, and the
potential coding regions were extracted from these sequen-
ces.Third,wereconductedaTBlastNagainstthegenomese-
quences using potential coding sequences to detect the OR
pseudogenesthatcontaininterruptingstopcodonsorframe-
shifts.Ifthecodingregionswithouteitherstartcodonsorstop
codons, or both of them in the amino acid sequences, they
were assumed as partial OR genes.
Phylogenetic Analysis
For multiple alignments of translated amino acid OR
sequences, the program FFT-NS-I nested in Mafft version
5 (Katoh et al. 2005) was used with default parameters.
T h ep h y l o g e n e t i cO Rg e n et r e ew a sc o n s t r u c t e du s i n g
MEGA3 software (Kumar et al. 2004) and the Neigh-
bor-Joining (Saitou and Nei 1987) method with the Pois-
son correction distances and was carried out by 1,000
bootstrap replications.
Estimation of OR Gene Birth-and-Death Evolution
The evolutionary processes such as gene duplication
and gene losses can introduce incongruence between gene
phylogeny and species phylogeny. To estimate the number
of OR genes in ancestral species and gains and losses of
genes during primate evolution, we used the modiﬁed rec-
onciled tree method as described by Nam and Nei (2005).
Brieﬂy, by comparing with the bootstrap condensed gene
tree and the species tree under the parsimony principle,
the number of ancestral genes can be estimated, with the
information of the past occurrence of gene expansion
and contraction. We used a 70% condensed tree of OR
genes for analyses.
Identiﬁcation of OR Gene Orthologous
We generated the one-to-one OR gene orthologous in
primates using best reciprocal BlastP method. Alignments
of primate OR orthologous were performed using ClustalX
(Thompson et al. 1997) with default parameters. To further
identify orthologous relationships, we constructed a phylo-
genetic tree using 1,771 OR intact genes in primates and
identiﬁed phylogenetic clades (with at least 90% bootstrap
valuesupport)containinggenesfromﬁvespecies.IftheOR
genes in primates have one-to-one relationship and also
involved in the same phylogenetic clade, they were
regarded as orthologous. At last, a total of 70 primate
OR gene orthologous were obtained.
Selective Pressure on Primate Lineages
The ratio between nonsynonymous substitutions and
the synonymous substitutions (x) can measure the selective
pressure acting on protein coding genes. The x , 1, x 5
1, and x . 1 represent negative selection, neutral selec-
tion, and positive selection, respectively. To test the selec-
tive pressure acting on OR genes in primates, we performed
codon-basedmaximumlikelihoodmethodusingCODEML
nested in PAML package (Yang 2007). The free-ratio
model (Yang and Nielsen 1998) assumes independent
x ratio for all branches in the phylogeny. Compared with
one-ratio model (Goldman and Yang 1994) by likelihood
ratio test (LRT), we can test the heterogeneity of x ratio
among primate species. Next, each species was, respec-
tively, designated as foreground branch. By comparing
two-ratio model (Yang 1998) with one-ratio model, we de-
rived the genes under accelerated or relaxed evolution. To
identify putative cases of positive selection in each branch,
branch site model was applied. Benjamini et al. (2001) cor-
rection and a false discovery rate of 5% were applied to
adjust the signiﬁcance level.
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OR Gene Repertoires in Primates
Even though the nearly complete OR gene repertoires
had been previously described in humans, chimpanzees,
and macaques (Niimura and Nei 2003; Go and Niimura
2008), their evolutionary trajectory in the primate lineages
has not been fully investigated and is still poorly under-
stood. In order to obtain a complete picture of OR evolu-
tion, we sought to identify the OR repertoire in three other
primate species: orangutans (P. pygmaeus abelii), marmo-
sets (C.jacchus), andmouse lemurs (M. murinus). Toavoid
result discrepancy, we used the same data mining method
and standard as previously described in Niimura and Nei
(2007) and Go and Niimura (2008). Because some of these
genome sequences were still incomplete or of low coverage
at the time of this work, it is likely that the number of OR
genes may be underestimated. Therefore, we also carefully
cataloged partial OR genes from the draft genome sequen-
ces, which may be incomplete due to sequencing or assem-
bly error. This type of sequences is treated separately from
the obvious functional OR genes or pseudogenes (see
below). Table 1 shows the number of OR genes identiﬁed
from these three primate species as well aspreviously docu-
mented number of OR genes from human, chimpanzee, and
macaque.
In contrast to nonprimate mammals, which reportedly
have very different number of OR genes among them
(Niimura and Nei 2005a, 2005b, 2007), the total number
of OR genes generally do not show dramatic variation
among primates (table 1). Except for macaques and orang-
utans, which have the fewest number of intact OR genes
(309 and 312, respectively), the rest of the primates have
similar number of OR genes. The NWMs (marmosets)
has 383 intact OR genes, almost the same as in humans
(387) and chimpanzees (380). We also identiﬁed 371 intact
OR genes from the mouse lemurs. However, the mouse le-
mur genome sequence has not been fully completed, which
consists many short contigs and is estimated to cover only
;80% of the whole genome. It is possible that we had
missed some potential intact OR genes. To remedy for this,
OR partial genes with length greater than 250 codons were
regarded as potential intact genes. In the mouse lemur ge-
nome, there were 80 of such potential intact OR genes.
Therefore, we estimated that mouse lemurs had the highest
number of intact OR genes among primates.
Previous studies have reported that the fraction of
pseudogenes in OR gene repertoire varies substantially
among primates species, which was interpreted as the cause
of variation in olfaction abilities (Rouquier et al. 2000;
Gilad, Man, et al. 2003). For example, Rouquier et al.
(2000) found that the fraction of pseudogenes in human
is ;70% and only ;27% in OWMs and hypothesized that
the pseudogene fraction can be used as an indicator for
olfactory sensory function. As shown in table 1, our anal-
ysis revealed that the three great apes (human, chimpanzee,
and orangutan) have similar fraction of pseudogenes
(;50%), whereas the pseudogene fraction is smaller for
OWM (46%) and NWM (;40%). The proportion of pseu-
dogenes in NWMs is signiﬁcantly different from other
primates(P , 0.01,Fisher’sexacttest),whichisconsistent
with previous reports that NWMs have a relatively lower
fraction of pseudogenes (Rouquier et al. 2000; Gilad
et al. 2004). However, there are no signiﬁcant differences
among apes and OWMs. Due to the limitation of genome
coverage, we only obtained 177 OR pseudogenes in mouse
lemurs, therefore, unable to estimate with conﬁdence the
pseudogenes in this genome. The DNA sequences of intact
OR functional genes from orangutans, marmosets, and
mouse lemurs are available at http://zhanglab.ecnu.
edu.cn/primateOR.html.
Birth-and-Death Evolution of OR Genes in Primates
Birth-and-death process is one of the most important
mechanisms of gene family evolution (Nei and Rooney
2005; Demuth et al. 2006), by which gene families ex-
panded byduplicationand contracted by deletion. Itisoften
considered as the result of the animal’s adaptation to
particular environmental conditions. Niimura and Nei
(2005b, 2007) had reported evidence for OR gene gains
and losses in vertebrate evolution, and the dynamic evolu-
tion of OR repertoires was also reported in Drosophila spe-
cies (Nozawa and Nei 2007). We are interested to
investigate whether the OR gene repertoires in primates
had also undergone the birth-and-death process. To better
understand the evolutionary dynamics of OR genes in the
primate lineage, we estimated the number of OR genes in
the common ancestor of present-day primates and ascer-
tained the pattern of gene gains and losses. The results
are then compared and reconciled to draw conclusions
(see below). Due to the low quality of its genome sequence,
themouselemurwasnotincludedinthefollowinganalysis.
We constructed a phylogenetic tree of all newly iden-
tiﬁed intact ORgenesinorangutansandmarmoset,together
with previously published intact OR genes in humans, and
chimpanzees. Partial OR genes and pseudogenes were not
Table 1
Number of OR Genes and Pseudogenes in Primates
Species
Apes
OWM NWM Prosimian
Human
a Chimpanzee
b Orangutan Macaque
b Marmoset Mouse lemur
Intact genes 387 380 312 309 383 371
Partial genes 0 19 9 17 12 226
Pseudogenes 415 414 366 280 258 177
Fraction of pseudogenes (%) 51.7 50.9;53.3 53.3;54.6 46.2;49 39.5;41.3 Unknown
a OR gene number is from Niimura and Nei (2007).
b OR gene number is from Go and Niimura (2008).
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The phylogenetic trees and divergence time of these primate
groupswerecalculatedaccordingtoprocedurespreviouslyde-
scribed by Steiper and Young (2006). We then surveyed the
evolutionary history of OR genes in primates using a widely
usedreconciledtreemethod(NamandNei2005;Nozawaand
Nei 2007; Dong et al. 2009). Figure 1 shows the estimated
numbersofORgenesintheancestorsofpresent-dayprimates
andtheevolutionarychangesinthelineageleadingtoeachspe-
ciesusing70%condensedtree.Theresultshowedthenumber
ofancestral ORgeneafter the divergence ofthe Anthropoids
(;42.9 Ma) was almost the same as current species. It is no-
tablethattherewasnoevidenceformassivegenecontractions
attheinternalnodesinthephylogenetictree.Wefoundthatthe
number of OR genes (451) in the ancestor of the apes and
OWMs (;30.5 Ma) is even larger than that in the ancestor
of the Anthropoids (385).
Although the total number of OR genes stayed mostly
stable along the branches in ﬁgure 1, we observed evidence
for substantial gene turnover throughout the evolution. For
example, humans and chimpanzees gained 39 and 27 genes
and lost 88 and 83 genes, respectively. There are also more
contractions than expansion events in the extant nodes,
which caused the modern primates to have fewer functional
OR genes than their ancestors. This is especially true for
orangutans and macaques as they lost 201 and 192 genes
in the branches leading to current species, respectively.
The number of OR genes in the ancestral species is only
an estimate based on phylogenetic model, such methods
have proved to be useful and reasonable in previous anal-
ysis of evolution of gene families (Nam and Nei 2005;
Niimura and Nei 2007; Nozawa and Nei 2007). To validate
our result, we also used 50%, 60%, 80%, and 90% con-
densed tree, respectively, and got the same results (supple-
mentary ﬁg. S1, Supplementary Material online). Our
results clearly showed that OR genes in primates have
undergone extensive birth-and-death evolution.
Natural Selection on OR Genes
Previous studies had hypothesized that the difference
of the olfaction ability among different primate species
might have resulted from the relaxation of selective forces
(Rouquier et al. 2000). Gilad, Bustamante, et al. (2003)
pointed out that OR genes in humans and chimpanzees
were under different selection pressures, some human
OR genes are also reported under positive selection. We
are interested to know to what extent the natural selection
had exerted on the OR genes in primates and how the se-
lective pressure is different in these species and resulted in
their respective OR repertoires. To help answer this ques-
tion, we next investigated the mode and tempo of primate
OR genes evolution.
At ﬁrst, we examined the orthologous relationship of
OR genes among primates. Figure 2 shows the number of
orthologous pairs between each two species. For example,
the ﬁgure shows that humans have 290, 194, 214, 236, and
182 intact OR gene orthologous to chimpanzees, orangu-
tans, macaques, marmosets, and mouse lemurs, respec-
tively. It is very intriguing that humans share more
orthologous with macaques and marmosets than with
orangutans, which further indicated that the OR gene rep-
ertoires have experienced extremely dynamicevolution and
differ considerably among primates. Again, we excluded
mouse lemur from this analysis due to low quality of the
genome assembly. At last, 70 orthologous quintets were
obtained for further analyses, these are OR genes that
are present in all ﬁve primates studied.
We further calculated the ratio of synonymous and
nonsynonymous rates of substitutions (x) for the OR genes
to estimate the strength of natural selection they are
Human
Chimpanzee
Orangutan
Macaque
Marmoset
0 10 20 40 30
Apes
OWM
NWM
387
380
312
309
383
Millions of years ago, Ma
436
452
451
385
-88
+39
-83
+27 -51
+35
-201
+52
-192
+39
-34
+33
-72
+70
-18
+84
FIG. 1.—Evolutionary changes of the number of OR genes in primates. The numbers within rectangular boxes are the estimated number of OR genes
in ancestral species. The red numbers above each branch are those of gained genes, and the green numbers below each branch are those of lost genes.
FIG. 2.—The number of orthologous OR genes between pairs of
primate species. Color intensity (as shown in the color bar) indicates the
number of OR gene orthologs.
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models to address this problem. To avoid any bias, we used
a maximum likelihood method implemented in the PAML
software package and three alternative models (Goldman
and Yang 1994; Yang 2007). 1) At ﬁrst, we selected the
‘‘one-ratio model’’ which assumed the same x ratio for
all lineages (Goldman and Yang 1994); the median x ratio
for individual primate OR genes was calculated to be rang-
ing from 0.09 to 0.6 with a median at 0.32, which suggests
that OR genes in primates underwent purifying selection. 2)
We then used an alternative ‘‘free-ratio model’’ to calculate
independentxratiosforthedifferentlineages,whichcanbe
used to infer different selection pressures between lineages
(Yang 1998). We then performed LRTs and found that 24
of the 70 OR genes have signiﬁcantly different x ratios
among lineages at 5% signiﬁcance level. Based on these
results, we concluded that OR genes in each lineage expe-
rienceddifferentdegreesofpurifyingselection.Themedian
x ratio varied across the ﬁve primate lineages with humans
having the highest value (table 2). For example, the median
x ratios are 0.79, 0.49, 0.43, 0.22, and 0.24 in humans,
chimpanzees, orangutans, macaques, and marmosets, re-
spectively. The macaque and marmoset lineages
exhibited a markedly higher degree of purifying selection.
Whereas, the x ratios of OR genes in humans, chimpan-
zees, and orangutans are signiﬁcantly higher than in mac-
aques and marmosets (two-sample Kolmogorov–Smirnov
tests, P , 0.01). We did not ﬁnd signiﬁcant differences
forthexratios among thethreeapes.Wesubsequentlycon-
catenated sequences of all the OR orthologous genes and
estimated the x ratio on each lineage. The results were very
similar: OR genes evolved under extensively species-
speciﬁc selective pressures, and apes showed reduced
purifying selection (table 2). These results probably re-
ﬂected an accelerated evolution compared with those of
OWMs and NWMs.
We last used the 3) two-ratio model, which assumed
one x ratio for the foreground branch and another for the
background branch. We then conducted the analysis by, re-
spectively, assigning each terminal lineage as foreground
branch by using two-ratio model (Yang and Nielsen
1998). The results from this model suggested that apes
had a higher number of OR genes showing accelerated evo-
lution than macaques and marmosets, whereas marmosets
had the highest number of OR genes under decelerated
(ﬁg.3).BycalculatingxratiofromconcatenatedORgenes,
all apes showed signiﬁcantly accelerated evolution,
whereas OR genes in macaques and marmoset are under
decelerated evolution (table 3). A high x ratio suggested
a reduced selection constraint on genes, which can be
explained by either increased positive selection or relaxed
selective pressure. To detect the positively selected coding
site in each lineage, the branch site model (Zhang et al.
2005) was used with these species as foreground lineages,
respectively. However, we did not ﬁnd any evidence for
positive selection in each species. These results led us to
conclude that more OR genes in apes had undergone
relaxed natural selection than in OWMs and NWMs.
Discussion
Generally speaking, primates are always regarded to
have a poorly developed sense of smell, thus mainly rely
on their visual system (King and Fobes 1974). Based on an-
atomical characteristics such as surface area of olfactory ep-
ithelium, olfactory bulb volume, primates are typical
considered as microsmatic species (Stephan et al. 1988). In
comparison with the OR gene repertoiresin rodents and dogs
which are macrosmatic animals, primates are thought to have
relatively fewer number of intact OR genes and higher
Table 2
Evolutionary Rates of Orthologous Quintets among Primates
Median
Median
(LRT signiﬁcant)
Concatenated
Gene
Human 0.79 (0.27–2.19) 0.86 (0.12–2.15) 0.54
Chimpanzee 0.49 (0.26–2.45) 0.64 (0.14–1.58) 0.43
Orangutan 0.43 (0.22–0.81) 0.59 (0.25–1.32) 0.41
Macaque 0.22 (0.16–0.47) 0.23 (0.16–0.59) 0.31
Marmoset 0.24 (0.15–0.37) 0.23 (0.15–0.44) 0.25
NOTE.—Parentheses enclose the number of 20–80 percentile ranges.
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FIG. 3.—The number of OR genes under accelerated evolution (red
color) and decelerated evolution (green color) in each species.
Table 3
LRT to Estimate Variable Selection Pressures of Concate-
nated OR Gene among Primates
Model
Foreground
Species
No. of
Parameter 2*D‘
Estimates
of Parameters
One ratio
(xB 5 xF)
9 xB 5 0.32
Two ratio
(xB 6¼ xF)
Human* 10 33.1 xB 5 0.31; xF 5 0.57
Chimpanzee* 10 16.2 xB 5 0.32; xF 5 0.44
Orangutan* 10 33.2 xB 5 0.30; xF 5 0.41
Macaque 10 7.3 xB 5 0.33; xF 5 0.29
Marmoset 10 55.4 xB 5 0.35; xF 5 0.25
NOTE.—2   D‘ was obtained by 2(ln‘1   ln‘0). ln‘1 was the likelihood value
for two-ratio model. ln‘0 was the likelihood value for one-ratio model. All tests were
compared with one-ratio model. Two-ratio model is signiﬁcantly better than one-
ratio model marked by ‘‘*’’ (P , 0.05). All tests were compared with one-ratio
model. The two-ratio model is signiﬁcantly better than one-ratio model in each
lineage. xB means the x ratio for the background, and xF means the x ratio for the
foreground.
262 Dong et al.fractionofpseudogenes. Itwas also hypothesized that the ad-
vanced brain functions unique in primates, such as memory
and emotion, had evolved in coordination with the reduction
of the sense of smell (Laska et al. 2000; Shepherd 2004).
In this study, we identiﬁed OR gene repertoires in or-
angutans, marmosets, and mouse lemurs for the ﬁrst time
based on currently available genome sequences. We found
that primates generally have similarly small number of OR
functionalgenes(;300–400),andthereislittlevariationbe-
tweendifferentclades(OWM,NWM,andapes).Consistent
withpreviousreports,weobservedthatthefraction ofpseu-
dogenes in NWM (;40%) is relatively smaller than that in
apes(;50%)andOWMs(;45%).However,becauseofthe
extensive birth-and-death processes, such variation in pseu-
dogenizationratesdidnotcausebigdifferenceinthenumber
of intact and functional OR genes in individual primate
genomes.Infact,thenumbersoffunctionalORgenesinhu-
man and chimpanzee are similar to that in NWMs and
OWMs. Therefore, the reduced olfaction ability in apes
and OWM cannot be explained by the higher pseudogeni-
zation rate or by a fewer number of functional OR genes.
Our results provided a complete picture of OR gene
evolution,suggestingdramaticvariationsanddynamicturn-
over in the course of primate evolution. It is obvious that
signiﬁcant gene losses and gains took place in the branches
leading to current species, coinciding with deterioration of
olfaction in these species. Birth-and-death evolution is the
main mode ofevolution inmultigene families, andORgene
families offered a good example of such process. Such pro-
cesswasgenerallyconsideredasanadaptationbyanimalsto
their speciﬁc surviving environments. For examples, platy-
puseshavelimitednumberofORgenesthatmightberelated
to their semiaquatic life (Niimura and Nei 2007); the OR
gene repertoire is degenerated in dolphins, likely due to their
gainedecholocationabilityandaquaticlifestyle(Oelschlager
andKemp1998).TheevolutionofORgenesischaracterized
by both adaptation and genomic drift (Nei 2007; Nei et al.
2008), which made the OR gene repertoires change dramat-
ically. Recent observation on the copy number variation of
OR genes in human may be the cause of different smelling
ability among individuals (Redon et al. 2006; Nozawa et al.
2007; Young et al. 2008).
At the present, it is still far from clear what factors
have contributed to the difference in olfactory ability
among animals. Both the size of olfactory epithelial surface
and the diversity of expressed OR genes were suggested to
account for these differences (Ishii et al. 2001). It had been
hypothesized that the reduction of sense of smell in humans
paralleled with the relaxed selective pressure on human OR
genes (Rouquier et al. 2000). Indeed, we found that there
aredifferences intheselectivepressuresonORgeneorthol-
ogous in primates. This result raised two scenarios of OR
gene evolution. One is that many OR genes in apes have
experiencedrelaxednaturalselection,whichcoincidedwith
their accumulated OR pseudogenes (Gilad, Man, et al.
2003). Primates may no longer need some of the ORs used
by their ancestors due to changes in their surviving external
environments. If it is true, it is likely that apes are still in
a phase of diminishing olfaction ability. An alternative sce-
nario is that there were positive selections of OR genes in
apes. Several previous studies have documented that genes
involved in olfaction tend to under positive selection in hu-
mans (Clark et al. 2003; Nielsen et al. 2005). However, it is
difﬁcult to distinguish between these two opposite scenar-
ios without comparing the genetic variation data between
two species. Moreover, the inﬂuences of effective popula-
tion size on natural selection have been well documented
(Eyre-Walker and Keightley 1999). The results of present
study also correspond to the impact of effective population
size exerted on natural selection at the genomic scale. The
evolutionarybasisforthereducedpurifyingselectionofOR
genes in apes is still unknown but may be related to their
reduced effective population sizes during the evolution
which made natural selection less effective (Li and Tani-
mura 1987; Chen and Li 2001). It is hard to say that there
is a reduced biological importance of olfaction in apes. The
ongoing genome variation projects such as 1,000 genomes
project promise to shed more light on this question.
Conclusion
In summary,we have identiﬁedOR gene repertoires in
orangutans, marmosets, and mouse lemurs and demon-
strated that extant primate species have the similar number
of intact OR genes and the fraction of pseudogenes. In spite
of the similar size of OR gene repertoires, there were also
dramatic variations during the primate evolution. After
comparative analyses of the evolution of OR genes, we
found that the OR genes in apes had experiences a lower
level of selective constraint.
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